Insulating Nb 3 Cl 8 is a layered chloride consisting of two-dimensional triangular layers of S e f f = 1/2 Nb 3 Cl 13 clusters at room temperature. Magnetic susceptibility measurement show a sharp, hysteretic drop to a temperature independent value below T = 90 K. Specific heat measurements show that the transition is first order, with
Introduction
Emergent phenomena among strongly interacting atoms or electrons, such as superconductivity [1] [2] [3] , charge density waves 4 , topological insulators 5, 6 , Kondo insulators 7, 8 , and heavy fermions 9 , are at the forefront of contemporary materials research. Geometrically frustrated magnets are a particularly illustrative class of strongly interacting systems where a large degeneracy of electronic states exist within a small energy regime compared to the magnetic interaction strength. Since the electronic degeneracy arises from lattice symmetry, geometrical frustration can destabilize the lattice. Here we show that a geometrically frustrated antiferromagnet built from small transition metal clusters [10] [11] [12] [13] [14] [15] can succumb to a symmetry-lowering distortion to evade a degenerate magnetic ground state, even in the absence of orbital degeneracies. This phase change also involves a change in stacking sequence between successive charge-neutral Van-der-Waals (VdW) bonded layers.
Specifically, we report the discovery of a paramagnetic and trigonal to singlet and monoclinic phase transition in the cluster-based magnet Nb 3 Cl 8 , despite each Nb 3 Cl 13 cluster harboring a singly occupied, nondegenerate highest occupied molecular orbital (HOMO) and an approximately 1 eV gap to degenerate lowest unoccupied molecular orbital (LUMO) states. As for Mo 3 O 13 clusters in LiZn 2 Mo 3 O 8 10 , a formal electron count yields one S e f f = 1/2 magnetic electron per Nb 3 Cl 13 cluster, which are arranged on a two-dimensional triangular lattice. Nb 3 Cl 8 and various stacking variations [16] [17] [18] [19] [20] have been previously studied. The α-Nb 3 Cl 8 polymorph, with -AB-AB-stacking, is known to undergo a hysteretic magnetic transition 21 with a change in the magnetic signal at temperatures below T ≈ 90 K. Here, this transition is studied via detailed structural and physical property investigations of both powder and single crystals, revealing a dramatic trigonal to monoclinic phase transition at T = 90 K that quenches the magnetic response but without magnetic order,
i.e. a singlet state. The relief of geometric frustration via orbital ordering and formation of magnetic order or spin singlets, is well-known in compounds containing first-order Jahn-Teller (FOJT) active ions or clusters, such as NaTiO 2
22,23
, NaVO 2
24
, or GaNb 4 S 8
25
.
A similar spin-Peierls distortion in 1D S e f f = 1/2 systems, such as CuGeO 3
26
, NaTiSi 2 O 6
27
, and the titanium oxychlorides/oxybromides 28, 29 , can also be explained in terms of orbital ordering 30 .
The phase transition to evade geometric magnetic frustration in Nb 3 Cl 8 appears to proceed via a different route. The structural phase transition breaks the C 3v symmetry of the Nb 3 Cl 13 clusters in a manner consistent with a second-order Jahn-Teller (SOJT) distortion, but with a dramatic change in Nb 3 Cl 8 layer stacking from -AB-AB-to -AB ′ -BC ′ -CA ′ -. That such a change in stacking of a VdW material can occur near liquid nitrogen temperature is remarkable, but can be thought of as being driven by a buckling of interfacial Cl-atom layers due to an inter-layer electronic interaction and SOJT distortion combined with singlet formation. Our results demonstrate the importance of considering multi-site effects and states far from the HOMO in magnetically frustrated materials, and that changes in VdW stacking sequence are possible well below room temperature.
Methods
Single crystalline Nb 3 Cl 8 was synthesized by self vapor transport in an evacuated quartz tube charged with a stoichiometric amount of twice re-sublimed NbCl 5 (Strem, 99.99%) and powder Nb metal, used as is (Alfa, 99.99%). A temperature gradient of T = 825 o C to T = 835 o C was maintained over the reaction vessel for 12 to 14 days before cooling to room temperature. All samples were handled in a glovebox using standard airfree techniques. High-resolution synchrotron X-ray diffraction measurements (SXRD) were taken on powder samples of ground single crystals at temperatures from T = 300 K to T ≈ 90 K using the powder diffractometer Measurements were performed with the Nb 3 Cl 8 single crystal array oriented in both the (hhl) or (h0l) scattering planes of the high temperature structure. Low-temperature powder X-ray diffraction (PXRD) patterns were acquired from T = 300 K to T = 12 K using a Bruker D8 Advance powder diffractometer with CuKα radiation (λ = 1.5424 Å), a scintillator point detector with 0.6 mm slits, and an Oxford Cryosystems PheniX low-temperature closed cycle cryostat. Powder neutron diffraction at T = 300 K and T = 10 K was performed at the POWGEN diffractometer, Spallation Neutron Source, Oak Ridge National Laboratory (ORNL). Scans were measured for 4 hours each on a 0.2 g sample of crushed Nb 3 Cl 8 single crystals. Rietveld refinements to synchrotron and in-house X-ray diffraction data were performed using the General Structure Analysis System (GSAS) 31 and the commercial Bruker Topas software suite. Refinement to the low-temperature powder neutron diffraction data was performed using the program FAULTS 32 software package to account for random HT-phase stacking faults (-AB-AB-) in the LT phase. Angle dependent magnetic susceptibility measurements on single crystalline Nb 3 Cl 8 were performed on a Quantum Design Physical Properties Measurement System (PPMS) from T = 300 K to T = 2 K under an applied field of µ o H = 5 T, after first measuring the sample holder temperature dependent background, which was subsequently subtracted from the data. Specific heat capacity measurements were taken on a PPMS from T = 300 K to T = 2 K using the semi-adiabatic pulse technique and dual slope analysis method. For sensitivity to latent heat, measurements around T ≈ 90 K were performed using a single large heat pulse from T = 85 K to T = 110 K, and analyzed via the multi-point single slope method 33 . Resistivity measurements were taken using the four-probe method in the PPMS by attaching Pt wire to single crystalline Nb 3 Cl 8 using DuPont 4922N silver composition paint. The sample was measured from T = 300 K to T ≈ 275 K where the resistivity exceeded the instrument threshold due to a voltmeter impedance of ≈ 16 MΩ. Band structure calculations were performed on the high-and low-temperature phases of Nb 3 Cl 8 . Convergence was achieved with a 8×8×4 and 4×7×4 k-point mesh for the high-and lowtemperature phases respectively, using the ELK all-electron full-potential linearized augmented-plane wave (FP-LAPW) code using the Perdew-Wang/Ceperley-Alder LSDA functional 34 .
Results
Results of Rietveld refinements to powder SXRD data at T = 300 K of the high-temperature (HT) P3m1 phase are shown in Fig. 1 . The HT phase unit cell [ Fig. 1 Fig. 1 (a) ] show low-Q diffraction peaks that are asymmetric and not fit well (broad calculated peaks) due to a combination of instrumental low angle peak asymmetry and significant stacking faults. The excellent overall quality of the fit is highlighted by the zoomed regions. To assess whether or not a more subtle distortion is present at high temperatures, fits to space groups with symmetry elements systematically removed (P3, P3m, P3, and C2/m) do not improve the fit, either statistically or qualitatively.
The low temperature synchrotron data near T ≈ 90 K show no indication of a symmetry-lowering structural distortion (see ESI † ). These results from the HT phase are in agreement with the structure previously inferred from single crystal X-ray diffraction 19, 35 .
The temperature dependent magnetic susceptibility of single crystalline Nb 3 Cl 8 upon cooling and warming is shown in Fig. 2 , we find the susceptibility effectively vanishes for T < 90 K upon cooling. Hysteresis is observed, in that upon warming from the low-temperature (LT) phase to the HT phase, this transition occurs at a higher tempera- ture than upon cooling. An analysis of the inverse susceptibility data for T > 140 K yields a Curie constant . This may suggest the bulk has a singlet ground state with a gap to the first excited state.
An analysis of the low temperature C P · T −1 versus T 2 data (Fig. 3) , however, reveals a significant linear contribution to the specific heat, indicative of metallic behavior, despite Nb 3 Cl 8 being an insulator at all accessible temperatures. Measurements on two separate single crystal pieces yield two different linear contributions, γ = 13 and 18 mJ · K −2 · mol f .u. To quantify this argument, the C(T ) data were fit to an equation accounting for the intrinsic sample behavior with a Schottky anomaly term for the low temperature impurity spins,
, where γ is the T -linear contribution, β is the lattice contribution, R is the ideal gas constant, and ∆ is the 
37
. Table 1 Atomic parameters of LT-Nb 3 Cl 8 from Rietveld refinement to neutron data at T = 10 K. The spacegroup is C2/m with lattice parameters a = 11.6576(1) Å, b = 6.7261(1) Å, c = 12.8452(1) Å and β = 107.6087(2) o . All sites are fully occupied and thermal parameters were set equal for all atoms, with a refined value of B iso = 0. 10(6) . The fit quality is given by a R wp = 3.59. Low temperature powder X-ray and neutron diffraction was used to determine the LT structure. The LT phase has a characteristic pattern of peak splitting, indicating a structural distortion to a C2/m phase.
Atom
Rietveld refinement to neutron diffraction data at T = 10 K, shown in Fig. 4 (a), indicates a 16% remnant, random HT phase stacking pattern in the LT structure. The resulting structure is summarized in Table 1 and change in symmetry unique octahedral Nb-Cl bond lengths in Table 2 scissoring motion results in a buckling of the chlorine layers as highlighted in Fig. 4 (c) , where crystallographically equivalent orange Cl atoms emphasize the Cl-layer crimping distortion-the lowest interfacial energy between these now staggered layers requires a shift in stacking to a -
etc is used to relate the LT structure to the former HT (AB-designated) layers. The resultant shift in interand intra-layer structure, however, is not concomitant with long-range magnetic order. The observation of a structural distortion by powder X-ray diffraction suggests the increased intensity of (001) states at the Fermi level and thus be metallic, inconsistent with resistivity measurements. This demonstrates the importance of correlations in producing the observed behavior of this compound. Intriguingly, we find that solely SOC or solely a Hubbard U (onsite electron-electron interaction), are not sufficient to produce an insulator in the HT phase (see ESI † ). Including both SOC and U simultaneously, Fig. 5 (b) , is sufficient to produce an insulator. In this calculation, Nb moments were assumed to align with the crystallographic c axis, and be oriented antiferromagnetically between layers with a total moment of ≈ 0.5 µ B per cluster in the HT phase. Given the limitations of DFT in describing correlated materials, this semi-quantitative agreement is reasonable. In contrast, LT Nb 3 Cl 8 is almost predicted to be insulating by DFT, even in the absence of SOC and a Hubbard U, Fig. 5 (c) . This demonstrates the importance of changes in interlayer interactions, as the splitting of the HT a 1 bands induces the SOJT effect, driving this material toward an insulating state [of course inclusion of SOC and U increase the insulating gap, Fig. 5 (d) ].
Discussion
The data demonstrate a first-order phase transition from a triangular lattice paramagnet with antiferromagnetic correlations to a non-magnetic state. The transition temperature T ≈ 90 K is higher than the Weiss temperature (θ ), a measure of the magnetic interaction strength. Typically a material, absent of any magnetic frustration effects, will form a magnetically long-range ordered state with T order = |θ |, with the kind of ordering (ferro-or antiferromagnetic) dependent on the sign of the Weiss temperature. In Nb 3 Cl 8 , the onset of the SOJT effect well above the temperature at which in-plane magnetic correlations become strong suggests an inherent instability of the system. The effects of magnetic frustration observed in another triangular lattice cluster-magnet based material, LiZn of the frustrated magnetic state can be due to the non-magnetic Li/Zn ions suppressing inter-layer magnetic interactions predicted by band structure calculations (Fig. 5 ). In addition, previous reports suggest the Nb-Cl bonding within Nb 3 Cl 13 clusters has strong ionic character 17 as opposed to highly covalent bonding, which might give insight into the lack of stability of the frustrated magnetic state-the ionic character of the cluster bonds is more susceptible to a SOJT effect and subsequent structural distortion due to the low energy barrier to overcome.
We compare the peculiar structural distortion observed in Nb 3 Cl 8 with other anomalous magnetism in materials and 2D VdW structures. It has been suggested that the observed properties of the triangular lattice antiferromagnet NaTiO 2 22 can be explained by a one-dimensional-like behavior 38, 39 arising from a symmetry lowering structural distortion, where energetically similar orbitals are thermally populated at high temperatures, Fig. 6 (a) . Upon cooling, a distortion relieves the frustration by orbital ordering of the Ti 3+
cations to form 1D chains, Fig. 6 
44
. In all of these cases, the orbital degree of freedom plays a crucial role in driving the structural distortion that relieves magnetic frustration and results in either magnetic order Lastly, the discovery of extraordinary physical properties of graphene 52, 53 and other 2D VdW materialssuch as transition metal dichalcogenides [54] [55] [56] [57] -has prompted materials scientists to feverishly search for new systems with properties suitable to, e.g., fabricate technologically useful devices. Like Nb 3 Cl 8 , these materials are (strongly) covalently bonded in two dimensions while adhesion in the third dimension is controlled by comparatively weak VdW forces. This weak bonding in one dimension allows for unparalleled control over heterostructure fabrication possibilities due to the facile nature by which differing interlayers can be combined 58, 59 to create nano-scale electronic devices such as precisely tunable transistors 60, 61 or LEDs 62 .
Nb 3 Cl 8 is a rare example of a material, despite its absence of "molecular" (Nb 3 Cl 13 ) HOMO degeneracy and energetically isolated HOMO bands, that undergoes a rearrangement of layer stacking at low temperature due to inter-layer magnetic interactions. Our insight gained into the SOJT-like effect in Nb 3 Cl 8 , which drives the puckering of interfacial VdW Cl layers and forces the shift in stacking arrangement, opens up possibilities for low-temperature device applications where controllable structural changes are desired. The ability for interactions in the VdW-layer-direction to control crystal structure can be combined with other 2D VdW layers to create novel devices.
Conclusions
In short, Nb 3 Cl 8 highlights the interplay between charge, orbital, and spin degrees of freedom and the approach to a non-entropic state as T → 0. While the space group symmetry does not preclude a singlet ground state in the symmorphic high temperature structure with two valence electrons 63, 64 , such a state is apparently not energetically favorable. At low temperature, on the other hand, the strongly reduced susceptibility and inter-layer HOMO overlap suggested by DFT point to a singlet ground state of the valence bond crystal variety. While the structural transition must be energetically favorable for low-T magnetism, the second-order Jahn-Teller driven structural rearrangement must be costly. The transition is thus analogous to a spin-Peierls transition where an energetically unfavorable structural dimerization is induced to lift spin degeneracy. For Table S1 is a summary of Rietveld refinement parameters to T = 300 K synchrotron X-ray powder diffraction data shown in main text Fig. 1(a) . Low temperature synchrotron X-ray powder diffraction data near liquid nitrogen temperatures shows no signs of symmetry lowering distortions despite a temperature reading of approximately 80 K near the sample. Rietveld refinement of the HT (P3m1) structure to the data near liquid nitrogen temperatures is shown in Fig. S1 and is summarized in Table S2 . 80 K is far below the first-order phase transition in Nb 3 Cl 8 (≈ 90 K)-the absence of any Nb 3 Cl 8 LT phase, therefore, is attributed to sample heating from the 30 KeV (λ ≈ 0.41 Å) incident X-ray beam. As is the case with the T = 300 K data, fitting the low temperature data to lower symmetry models (P3, P3m, P3, and C2/m) results in no improvement of the Cl 8 Rietveld refinement to synchrotron X-ray (λ = 0.4132 Å) powder diffraction data at T = 300 K, shown in main text Fig. 1(a) . The spacegroup is P3m1 (164) with lattice parameters a = 6.74566(3) Å, c = 12.28056(7) Å, α = β = 90 o , and γ = 120 o . All sites are fully occupied, cell volume was calculated to be V = 483.947(6) Å 3 , and atomic displacement parameters were freely refined for all atoms. The fit quality is given by R wp = 11.34 %, R p = 9.03 %, and χ 2 = 3.286. Errors are computed statistical uncertainties. 
Atom

S2 DFT band structure calculations
Calculations on the high temperature (HT) structure of Nb 3 Cl 8 were performed without spin-polarization 
S3 Spin-Peierls analysis
The transition into a spin-Peierls (SP) state is marked by an exponential decay of the magnetic susceptibility as a function of temperature 66 . The SP transition temperature depends on the magnetic interaction strength and the spin excitation gap in the SP state. Nb 3 Cl 8 does not have an exponential decay into the low-temperature (LT) state-the first-order nature of the transition results in remnant domains of the HT phase upon cooling.
Instead, a plot of magnetic susceptibility collected upon warming, Fig. S3 , of the c µ o H = data [reproduced from main text Fig. 2 (a) ] must be used in modeling the behavior of the bulk LT state. As can be seen in This discrepancy may be indicative of a strong enhancement of the exchange constants upon entering the LT state from the structural rearrangement, or that a spin-Peierls model fails to adequately explain the magnetic behavior of Nb 3 Cl 8 .
